Thyroid hormones regulate brain development and function through the control of gene expression, mediated by binding of T 3 to nuclear receptors. Brain T 3 concentration is tightly controlled by homeostatic mechanisms regulating transport and metabolism of T 4 and T 3 . We have examined the role of the inactivating enzyme type 3 deiodinase (D3) in the regulation of 43 thyroid hormone-dependent genes in the cerebral cortex of 30-d-old mice. D3 inactivation increased slightly the expression of two of 22 positively regulated genes and significantly decreased the expression of seven of 21 negatively regulated genes. Administration of high doses of T 3 led to significant changes in the expression of 12 positive genes and three negative genes in wild-type mice. The response to T 3 treatment was enhanced in D3-deficient mice, both in the number of genes and in the amplitude of the response, demonstrating the role of D3 in modulating T 3 action. Comparison of the effects on gene expression observed in D3 deficiency with those in hypothyroidism, hyperthyroidism, and type 2 deiodinase (D2) deficiency revealed that the negative genes are more sensitive to D2 and D3 deficiencies than the positive genes. This observation indicates that, in normal physiological conditions, D2 and D3 play critical roles in maintaining local T 3 concentrations within a very narrow range. It also suggests that negatively and positively regulated genes do not have the same physiological significance or that their regulation by thyroid hormone obeys different paradigms at the molecular or cellular levels. (Endocrinology 153: 0000 -0000, 2012)
T hyroid hormones are important for brain development and function (1) (2) (3) . Most of their effects in the brain and other tissues are mediated by regulating gene expression at the transcriptional and post transcriptional levels (4) . Thyroid hormone regulation of gene expression in the brain is extremely complex and depends on age and the particular brain region and cell type (5) . The active thyroid hormone is T 3 , which binds to specific nuclear receptors to either repress or activate gene transcription (6) . T 3 is formed in the thyroid gland but also in peripheral tissues from the precursor T 4 by the action of the 5Ј-deiodinase type 1 and 5Ј-deiodinase type 2 (D2) (7) . In the brain and other tissues, such as brown adipose tissue and pituitary, local generation of T 3 by D2 is an important step in thyroid hormone-dependent biological effects (8 -11) . D2 is encoded by the Dio2 gene, and its activity is regulated by T 4 through a nongenomic effect on protein degradation (12) . This posttranslational effect is the main control of D2 activity and does not imply changes in the mRNA concentration. However, pretranslational effects involving changes in the concentration of Dio2 mRNA also occur in response to hypothyroidism and T 3 treatment (13) . The Dio2 gene is expressed in astrocytes and in the specialized glial cells called tanycytes lining the inferior walls of the third ventricle (14, 15) . Cellular targets of T 3 also include neurons and oligodendrocytes, which express T 3 receptors and, in normal physiological conditions, lack D2 activity (16) .
The T 3 reaching the target cells in the central nervous system has two origins. One is the circulation, from which T 4 and T 3 cross the blood-brain barrier (BBB) through specific transporters (17) . In the astrocytes, T 3 is also generated from T 4 by the action of D2. It is thought that the Slco1c1 transporter (18) , expressed in the membrane of endothelial capillary cells, facilitates the passage of T 4 through the BBB (19) . Slco1c1 is also expressed in the astrocytic end feet, which are in close contact with the surface of the capillary endothelium (19) . Therefore, it is likely that T 4 entering the brain from the circulation through this route finds its way directly to the astrocytes, in which T 3 is formed. Thus, it is presumed that no significant diffusion of T 4 to the interstitial fluid does occur. On the other hand, T 4 and T 3 also cross the BBB through a very important transporter, the monocarboxylate 8 (Mct8, Slc16a2) transporter (20) . Mct8 is specific for T 4 and T 3 and is not present in the astrocytic end feet (19) . Therefore, it is likely that T 4 and T 3 crossing the BBB through Mct8 are delivered to the interstitial fluid from which they can reach the target cells (21) .
Another determinant of brain thyroid hormone action is type 3 deiodinase (D3), which is encoded by the imprinted gene Dio3 (7, 22) . D3 catalyzes the formation of the inactive metabolites rT3 from T 4 and T 2 from T 3 (7, 22) . It is believed that D3 has an important role in limiting the amount of T 3 reaching target tissues and preventing excessive exposure to the hormone (9) . According to this view, the high D3 activities present in the uterus during implantation and in the placenta (23) would limit the amounts of thyroid hormone reaching the conceptus. In the brain Dio3 is expressed in neurons (24, 25) , and during perinatal development, neuronal D3 would tightly control the amount of T 3 accumulating in the brain. We have recently proposed that one role of D3 could be to restrict the availability of T 3 from the circulation so that most T 3 acting in the brain during the fetal, and perhaps early postnatal periods, would be derived from T4 in the astrocytes (21) . Consistent with the proposed role of D3, Dio3 knockout (KO) mouse neonates manifest elevated T 3 concentration in the brain and increased expression of the T 3 target genes Hr and Nrgn (26) .
Previous findings using a mouse model of D2 deficiency suggest that T 3 -regulated genes expressed in the cerebral cortex exhibit different sensitivity in their response to T 3 , depending on whether they are positively or negatively regulated genes (27) . In the present studies, we have analyzed the expression of a large set of those genes in response to hyperthyroidism and D3 deficiency. Our results further support the notion of differential T 3 sensitivity between those groups of genes and reveal an unsuspected complexity in the mechanisms by which thyroid hormone metabolism at the local level finely regulates gene expression in the central nervous system.
Materials and Methods

In vivo studies
Protocols for animal handling were approved by the local institutional Animal Care Committee, following the rules of the European Union and the National Institutes of Health. Animals were housed in temperature-(22 Ϯ 2 C) and light (12-h light, 12-h dark cycle; lights on at 0700 h)-controlled conditions and had free access to food and water. Chemical hypothyroidism was induced in wild-type (WT) mice of the C57/BL/6J strain by administering 0.02% 1-methyl-2-mercapto-imidazol (Sigma Chemical Co., St. Louis, MO) plus 1% KClO 4 in the drinking water ad libitum. These antithyroid drugs were given to pregnant and lactating dams from gestational d 17, until postnatal (P) d 21. Dio3KO mice were in a mixed C57/BL/6J and 129/Sv background as described (26) . Experiments involving comparisons between WT and Dio3KO mice, as well as T 3 treatments, were performed using WT and Dio3KO littermates obtained from heterozygous parents. Hyperthyroidism was induced by administration of 0.5 g/ml of T 3 and 0.1 g/ml of T 4 in the drinking water containing 0.1% BSA from P21 to P30. The corresponding doses were 1.0 g T 3 and 0.2 g T 4 per mice per day. Although T 3 was in excess, the T 4 dose was physiological. The rationale of this treatment was to maintain physiological circulating concentrations of T 4 , as the D2 substrate, in the face of T 3 -induced hyperthyroidism. Handling of the Dio2KO mice was as previously described (27) .
The pups were killed by decapitation on P21, to analyze the effects of hypothyroidism and Dio2 deletion, or on P30 to analyze the effects of hyperthyroidism and Dio3 inactivation. The whole neocortex was rapidly dissected out from underlying structures, cut in two halves through the sagittal plane, frozen on dry ice, and kept at Ϫ80 C. RNA was isolated from individual hemicortices. Procedures for RNA isolation and quantitative PCR (qPCR) on TaqMan arrays (Applied Biosystems, Foster City, CA), were as previously described (27) . Data were expressed relative to the values obtained for the control WT, which was given a value of 1.0 after correction for 18S RNA and Ppia mRNA. Thyroid hormone concentration in serum was determined as previously described (26) .
Cell culture and transfection
Mouse neuroblastoma (N2a CA3 clone) cell lines expressing the thyroid hormone receptor-␣1 isoform (TR␣1) were cultured as described (28) . The cells were seeded in each of six-well plates with DMEM containing 10% thyroid hormone-deprived fetal calf serum (29) up to 80% confluence. The cells were transfected with 0.5 g of a Dio3-expression clone in pcDNA (Invitrogen, Carlsbad, CA) using Lipofectamine 2000 as described by the manufacturer (Invitrogen). Control cells were transfected with empty pcDNA plasmid. Transfection efficiency was 18%. Twenty-four hours after transfection, T 3 was added at final concentrations of 0.1 and 0.5 nM in triplicate, and the cells were incubated for a further 24 h before harvesting and RNA isolation. The response to T 3 was analyzed by qPCR using as target the Hr gene.
D2 and D3 activities
D2 and D3 enzymatic activities were determined as previously described (30, 31) . In brief, tissues were homogenized in a 10 mM Tris-HCl, 0.25 sucrose (pH 7.4) buffer. A suitable amount of tissue homogenate was used in the enzymatic reaction to ensure that deiodination did not exceed 20% and was proportional to the amount of protein content. Tissue homogenates were incubated at 37 C for an hour with the appropriate [ 125 I]-labeled substrate (PerkinElmer, Waltham, MA) in the presence of 25 nM dithiothreitol. For D2 and D3 activity, homogenates were incubated, respectively, with 1 nM T 4 or 2 nM T 3 . Deiodination was determined based on the percentage of labeled iodine released (D2) or the amount of labeled 3,3Ј-diiodothyronine produced. The latter was determined after separation of reaction products by paper chromatography, as described (32) . A factor of 2 was included in the calculation of D2 activity to correct for the chemical equivalence of the outer ring iodine residues and the fact that only one of them is labeled in a given molecule. Protein content in the homogenates was determined using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA).
Statistical analysis
Differences between means were obtained by one-or twoway ANOVA, depending on the experiment, and the Tukey or Bonferroni post hoc tests, respectively. Calculations were done using the GraphPad Prism software (http://www.graphpad.com/ prism/). Significance was illustrated graphically by asterisks: ***, P Ͻ 0.001; **, P Ͻ 0.01, *, P Ͻ 0.05.
Results
Selection of genes sensitive to hypothyroidism in the mouse cerebral cortex
From previous microarray gene expression data from the cerebral cortex of P21 control and hypothyroid mice (27) , we selected 43 genes sensitive to thyroid hormone deprivation. Hypothyroidism decreased the expression of 22 of them and increased the expression of the other 21. We refer to these genes as positive or negative genes, respectively, indicating that their expression is likely to be positively or negatively regulated by thyroid hormone. The selection of the gene targets among the annotated probes, was performed taking into account the following two parameters: 1) the expression levels in the microarrays (the A mean value above 6; the A mean value is the log 2 intensity values over all samples as a measure of the average expression level) and 2) the response to hypothyroidism (the M value of at least 1.0; M is the log 2 -fold change between the two conditions). The effects of hypothyroidism on this set of genes was confirmed by TaqMan PCR arrays on microfluidic cards using biological replicates of cerebral cortex RNA from P21 mice (Fig. 1) . From the 43-gene set, hypothy- roidism decreased the expression of the 22 genes selected as positively regulated by thyroid hormone and increased the expression of the 21 genes selected as negatively regulated by thyroid hormone. The most common effect of hypothyroidism was a 50% decreased expression on the positive genes or a 2-fold increase on the negative genes. Only a few changes in gene expression were 4-fold or higher.
Effects of Dio3 inactivation on circulating thyroid hormone concentrations before and after treatment with thyroid hormones
The effects of hyperthyroidism on WT and Dio3KO mice were analyzed by administering high daily doses of T 3 in the drinking water from P21 to P30. Serum T 3 and T 4 concentrations in the untreated and treated animals are shown in Fig. 2 . The mean serum concentrations of T 3 in the Dio3KO mice (1.03 Ϯ 5.1 ng/ml) were lower than in the WT (1.44 Ϯ 0.07 ng/ml), as previously reported (33).
Although the difference was significant (P Ͻ 0.001) using the Student's t test, it was not significant using twoway ANOVA in the four-group comparison, which also includes the T 3 -treated groups. T 3 treatment increased serum T 3 similarly in WT (10.19 Ϯ 1.07 ng/ml) and Dio3KO (13.96 Ϯ 2.13) mice. Because T 3 treatment was expected to block thyroid secretion, the T 3 -treated mice were also given T 4 in physiological amounts to maintain normal circulating levels of T 4 . T 4 concentration in untreated Dio3KO mice (16.5 Ϯ 1.2 ng/ml) was significantly reduced compared with the untreated WT mice (58.7 Ϯ 1.5 ng/ ml) as found in previous work (26, 33) . In the treated WT and Dio3KO mice, the T 4 concentrations were similar to the untreated WT (65.0 Ϯ 4.5 and 76.5 Ϯ 7.1 ng/ml, respectively).
Effects of Dio3 inactivation on cerebrocortical gene expression before and after treatment with thyroid hormones
Gene expression levels in the cerebral cortex of untreated and treated animals are shown in Figs. 3 (positive genes) and 4 (negative genes). From the 22 positive genes, 14 showed a difference in at least one of the experimental groups using two reference control RNA, Ppia (cyclophilin) mRNA and 18S RNA (Fig. 3) . The other eight positive genes showed no significant changes in any of the experimental situations and are not shown in the figure. D3 inactivation did not affect the basal expression of most genes except for a small increase in two of them, Gls2 and Ier5. Thyroid hormone administration to the WT mice increased the expression of 12 genes, with responses that varied between 1.2-fold (Itga7 and Sema7a) and 2.2-fold (Hr). Two genes (Ppm2c and Ier5) were unresponsive. D3 inactivation enhanced the T 3 response for all genes except for Cbr2. The enhancement of the T 3 effect was notable on genes such as Aldh1a1, Flywch2, Hr, Itih3, Kcnj10, Paqr6, and Shh, with increments of 2-to 4-fold the basal expression. Taking into account all genes, the effects of T 3 treatment on the WT and the Dio3KO were correlated (r ϭ 0.689, P ϭ 0.0003). This indicates that, although D3 inactivation did not sig- nificantly influence the basal expression of positive genes, it enhanced the effect of T 3 treatment.
Of the 21 negative genes analyzed, 10 were insensitive to D3 inactivation and to T 3 treatment, and the other 11 showed a significant change in at least one of the experimental situations and are represented in Fig. 4 . With the exception of Mamdc2 and Pygl, no effect of hyperthyroidism was observed in the WT mice. However, D3 inactivation significantly reduced the expression of seven genes (Cirbp, Col6a1, Gpc3, Fxyd6, Pcsk4, Pygl, Syce2). Treatment of Dio3KO mice with T 3 resulted in further reductions in the expression of seven genes (Col6a2, Fxyd6, Gpc3, Mamdc2, Marcksl1, Pygl, Slc1a3).
We also measured the relative concentrations of Dio2 and Dio3 mRNA as well as D2 and D3 activities in the same groups of animals (Fig. 5) . Dio3 is a positively regulated gene, and in WT mice T 3 treatment increased Dio3 mRNA by 2.7-fold. D3 activity was also increased by 3.6-fold in the hyperthyroid WT group. Although no D3 activity was present in the Dio3KO mice, Dio3 mRNA could be measured in these mice because inactivation of D3 enzymatic activity was achieved by mutating the codon corresponding to the active site of the D3 protein (34) . Therefore, a minimally modified Dio3 mRNA is still expressed in Dio3KO animals. At odds with the response of other positive genes, the effect of D3 inactivation on Dio3 mRNA was stronger (10-fold increase) than the effect of T 3 treatment on the WT mice. Furthermore, T 3 treatment increased Dio3 mRNA by 60-fold in the Dio3KO mice.
Dio2 mRNA concentration was not altered by D3 inactivation, but was decreased by a factor of 1.7 by T 3 treatment in the WT and by 3.3 in the Dio3KO mice. In contrast, D2 activity was increased 1.8-fold in the untreated Dio3KO mice and was unchanged in the hyperthyroid groups. These changes reflect the fact that D2 activity is regulated by T 4 concentrations, whereas Dio2 mRNA is sensitive to T 3 treatment.
Dio3 expression attenuates T 3 action in cultured neuroblastoma cells
To examine whether cellular changes in D3 activity indeed modified genomic responses to T 3 , we used a mouse neuroblastoma cell line, N2a, stably expressing the TR␣1isoform. These cells do not express the endogenous Dio3 gene (not shown). The cells were transfected with a Dio3 expression vector. Then T 3 was added at concentrations of 0.1 and 0.5 nM in the presence of 10% fetal calf serum, and the expression of the endogenous Hr gene was measured by qPCR in RNA isolated from the whole culture (Fig. 6 ). In the absence of D3, Hr was very sensitive to T 3 in these cells. T 3 increased Hr expression almost 7-fold at a concentration of 0.1 nM and 65-fold at 0.5 nM. Dio3 expression after transfection interfered with T 3 action and decreased T 3 activity by about 50% at the two concentrations of T 3 tested.
A summary of all gene expression data are shown in Tables 1 and 2 . The tables list the gene symbols and names and the effects of the experimental manipulations described. For comparison we also included in the table the effects of Dio2 inactivation on genes previously reported (27) and on additional genes (Col6a2, Cxadr, Flwch2, Fxyd6, Gls2, Gpc3, Hmgcs2, Kcnj10, Pygl, Rassf9, and Shh) not previously analyzed. In addition, we included data on cellular expression of genes enriched at least 3-fold in astrocytes or neurons. These data were calculated from the expression values given by Cahoy et al. (35) for astrocytes and neurons on P16. Nine genes were enriched in astrocytes and 16 in neurons. Given that all genes were sensitive to thyroid hormone deprivation, positive and negative genes differed in their responses to hyperthyroidism and D3 inactivation. More positive than negative genes were sensitive to hyperthyroidism, whereas more negative than positive genes were sensitive to D3 inactivation. A comprehensive analysis of the gene expression changes in the different experimental situations is illustrated in Fig. 7 . This figure was constructed taking the individual data for all the genes shown in the previous tables. It displays the reciprocal changes of expression of positive and negative genes. In contrast to the negative genes that show altered expression in all the experimental situations, the positive genes are remarkably stable in situations of D2 or D3 deficiency and show altered expression only in hypo-or hyperthyroidism.
Discussion
The important role of D3 in the control of tissue T 3 concentration has been recently demonstrated using genetically modified mice (26, 33) . To gain further insight into the role of D3 in modulating T 3 action in the brain, we used WT and Dio3KO mice to investigate the expression of a relatively large set of thyroid hormone-sensitive genes identified by microarray analysis of the cerebral cortex of P21 mice (27) . After confirming the sensitivity of these genes to thyroid hormone deprivation, we compared the effects of D3 deficiency with those of induced hyperthyroidism and D2 deficiency. The age to perform the present investigation was chosen as the same at which the sensitive genes were identified. This report contains the largest set of brain genes analyzed so far in terms of their dependency to thyroid hormones. A limitation of the study is that the brain of Dio3KO mice manifests abnormal exposure to T 3 since early development, and this is maintained throughout life (33) . As a result, it might be possible that unintended, permanent changes at the molecular level are influencing the signaling pathways that determine the response to T 3 later in life. Although this kind of drawback is generally shared by studies involving germ line gene mutations, it should be kept in mind when extrapolating experimental observations from these mouse models to the normal physiology.
D3 deficiency did not have a marked impact in thyroid hormone-dependent gene expression because it altered the expression of only two positive genes and seven negative genes. This is somewhat surprising, given that D3 expression in the cerebral cortex at this age is comparable with that at an early postnatal age, when significant changes in the expression of the T 3 -sensitive genes, Hr and Nrgn, have been reported in the Dio3KO mice (26). This does not necessarily mean that D3 is not an important determinant of basal brain T 3 action at this age. Although D3 deficiency generally tends to increase brain T 3 availability at all developmental stages, we have to take into consideration the suppression exerted on the thyroid axis and on serum levels of T 3 and T 4 . This suppression is most dramatic during the third week of life (26) and may be responsible for the reduced brain expression of the T 3 -sensitive genes, Nrgn and Hr, on P17 and P21 (33) . Hr expression then becomes normalized on P30 as in the pres- ent study. Thus, at this age, the Dio3KO brain may still be significantly influenced by the serum hypothyroid status, which would be consistent with previous results (26) . However, the Dio3 mRNA concentration in the untreated Dio3KO mice was elevated up to 10-fold, indicating that these animals may actually have an increased T 3 availability in the brain despite the lack of effect on most positive genes. A large fraction of brain T 3 is generated locally in the brain (36) , and although Dio2 mRNA was not increased in the Dio3KO mice, D2 activity in the cortex was increased, in agreement with previous observations (26) . Therefore, the concerted action of D2 and D3 activities appears more important for brain homeostasis than the circulating T 3 concentrations. Presumably a more robust effect of D3 deficiency on cortical gene expression at this age might be achieved in a tissue specific model of D3 deficiency that leaves the thyroid axis unaffected. Further evidence of an important role for D3 derives from the results in the animals treated with T 3 . In Dio3KO mice, T 3 treatment led to responses in gene expression that were larger than those in WT mice. It seems unlikely that this was due to differences in the basal concentrations of T 3 at the start of treatment, which, if any, would have been overridden by the large dose of T 3 administered. The protection afforded by D3 may be largely secondary to increased expression of the Dio3 gene, which is strongly up-regulated by T 3 (24) . In this regard, we observed an increased D3 activity in the T 3 -treated WT mice as well as dramatic increases in Dio3 mRNA expression in WT and Dio3KO animals after T 3 treatment, demonstrating the great sensitivity of the Dio3 gene to T 3 . In addition to a direct transcriptional effect of T 3 , other factors such as increased stability of the mutated mRNA may have contributed to the large induction observed in the untreated and treated Dio3KO mice compared with the respective WT animals. Interestingly, T 3 induces the Dio3 gene specifically through the TR␣1 isoform (37). Therefore, it is possible that the protecting effect afforded by the increased expression of Dio3 may depend on the relative expression of TR␣1 in specific cell types.
A direct role of D3 in the regulation of the genomic responses to T 3 was demonstrated in neuroblastoma cells after transfection with a Dio3 expression vector. The Hr response to T 3 was attenuated by about 50% in comparison with cells not expressing Dio3. The Hr response was measured in RNA from all cells in the culture, of which 18% were transfected. Therefore, it is likely that Dio3 expression in a fraction of the cells in culture was sufficient to reduce the free T 3 concentration in the medium. Concerning the negative genes, from the original set of 21 genes, seven had a lower expression in the Dio3KO than in the WT. Treatment with excess T 3 had a modest effect on the WT, and in some cases the effect of Dio3 inactivation was similar to the effect of T 3 administration. The results indicate that some negative genes are very sensitive to local increments of T 3 concentration that might have taken place as a result of D3 inactivation. The comparative response of these genes to hyperthyroidism and to D3 inactivation may indicate that the local T 3 concentrations attained in D3 deficiency are higher than those resulting from treatment with an excess of T 3 . However, this conclusion is not supported by the response of the positive genes. We do not have an explanation for this paradox, but it may reflect subtle spatial differences in T 3 concentrations affecting only certain subsets of cells. Another observation worth to explore further is that none of the 10 genes with enriched expression in astrocytes were sensitive to D3 inactivation. In contrast, from the 17 genes, including Dio3, not enriched in astrocytes, 10 were sensitive to D3 inactivation. Because D3 is a neuronal enzyme, this could be explained by a preferential accumulation of T 3 in neurons. Because Dio3KO mice manifest increased brain D2 activity due to reduced T 4 availability (26), it would be expected that astrocytes provide an increased supply of T 3 to neurons. However, the number of genes analyzed in this work is too limited to reach definitive conclusions, and examination of the global expression of neuronal and astrocytic genes in the context of D3 inactivation would be needed.
Although all genes analyzed were highly sensitive to hypothyroidism, it is interesting to note that eight positive genes and 10 negative genes were insensitive to administration of high doses of T 3 , either to WT or to Dio3KO mice. This indicates a failure of thyroid hormone to increase their expression above the level associated with euthyroid status. This may be due to the high basal occupancy of cortex thyroid hormone receptors, which in adult rats at steady state was calculated to be as high as 90% (36) . Individual gene differences in the T 3 response may reflect cellular heterogeneity in thyroid hormone receptor occupancy, which should be expected because D2 activity accounts for a large fraction of the total occupancy. Another explanation is that some genes are regulated only in the transition from hypothyroidism to euthyroidism. In hypothyroidism the activity of unliganded receptors (38) may contribute to repression of the positive genes and the induction of the negative genes. Similar differences in the response to hypothyroidism and to excess T 3 were already noted for different gene clusters in the liver (39) .
Previous data indicated that the negative genes are more sensitive to the absence of D2 than the positive genes (27) . As shown in this work, negative genes are also more sensitive to the absence of D3. This may reflect a difference between positive and negative genes in the kinetics of their response to changes in T 3 concentrations. Figure 7 shows the reciprocal changes in the expression of the genes that were sensitive to each of the manipulations. However, it is not possible to correlate these changes with T 3 concentration in the whole tissue. For example, T 3 concentrations in the cerebral cortex of Dio2KO are similar to hypothyroid WT mice (40) . But from the expression of the positive genes, it could be predicted that there are no changes of T 3 concentration, whereas from the negative genes, one could reach a different conclusion.
In summary, our results demonstrate a role for D3 in the regulation of T 3 -dependent gene expression in the cerebral cortex. They also suggest that, when thyroid hormone brain status is close to physiological conditions, genes that are negatively regulated by T 3 in the cerebral cortex are the most sensitive to subtle changes in local T 3 . In this scenario, the coordinated expression of D2 and D3 appears to be necessary for maintaining the expression of these genes within narrow limits. These results underscore the fine-tuning of the factors influencing local T 3 availability in the central nervous system.
